The severe mental retardation and speech deficits associated with 22q13 terminal deletions have been attributed in large part to haploinsufficiency of SHANK3, which maps to all 22q13 terminal deletions, although more proximal genes are assumed to have minor effects. We report two children with interstitial deletions of 22q13 and two copies of SHANK3, but clinical features similar to the terminal 22q13 deletion syndrome, including mental retardation and severe speech delay. Both these interstitial deletions are completely contained within the largest terminal deletion, but do not overlap with the nine smallest terminal deletions. These interstitial deletions indicate that haploinsufficiency for 22q13 genes other than SHANK3 can have major effects on cognitive and language development. However, the relatively mild speech problems and normal cognitive abilities of a parent who transmitted her identical interstitial deletion to her more severely affected son suggests that the phenotype associated with this region may be more variable than terminal deletions and therefore contribute to the relative lack of correlation between clinical severity and size of terminal deletions. The phenotypic similarity between the interstitial deletions and non-overlapping small terminal 22q13 deletions emphasizes the general nonspecificity of the clinical picture of the 22q13 deletion syndrome and the importance of molecular analysis for diagnosis.
Introduction
Approximately 100 patients have been identified with terminal deletions of 22q13 not involving a ring chromosome. 1 -6 Patients with the 22q13 deletion syndrome share common clinical features including severe to profound mental retardation, delay/absence of expressive speech, hypotonia, normal to accelerated growth and minor dysmorphic features (reviewed in Havens et al 7 ) . In two studies representing 72 patients, the size of the deletion was determined at the molecular level to range from 130 kb to deletions larger than 9 Mb in size. 3, 6 The smallest deletions were found to contain the gene SHANK3, which encodes a synapse structural protein and is located approximately 130 kb from the telomere. Among the 72 patients specifically tested for SHANK3, 61 were hemizyogous at this locus. As all 22q13 deletions, regardless of size, are associated with mental retardation and delay of expressive speech, this implicates SHANK3 as a candidate gene for the major neurological features of this syndrome. This hypothesis is supported by the presence of deletion breakpoints within SHANK3 in the three patients 8 -10 and the disruption of SHANK3 in a child with a balanced translocation and all the features of the 22q13 deletion syndrome. 11 Recently, dosage imbalance of the SHANK3 gene has been implicated in several patients with autism spectrum disorder. 12, 13 Two brothers with a frameshift mutation within SHANK3 showed a severe autistic/mental retardation phenotype that is similar to patients with the 22q13 deletion syndrome, but without any other typical features such as hypotonia. 12 A de novo nonsynonymous variant in SHANK3 has also been associated with an autistic phenotype. 13 These cases suggest that the SHANK3 gene is sensitive to dosage and that a decrease in dosage can be associated with severe language, cognitive and social defects. Few correlations have been found between the size of the 22q13 deletion and the clinical features observed, and all patients show mental retardation and severe delay or absence of expressive speech. 1, 3, 6 Although one study 3 showed the severity of global developmental delay increased with the size of the deletion in 16 patients (plus 17 patients with r(22)), only 4/12 measures of developmental assessment showed some correlation with deletion size in a study of 56 patients. 6 If SHANK3 is responsible for most of the neurological abnormalities in these patients, this would imply that deletion of the region proximal to SHANK3 might have a mild phenotype that is largely masked by the terminal deletion of SHANK3. Almost all of the 22q13 deletions published have been described as terminal. However, there are two cases identified in the literature that have been described as interstitial deletions of 22q13. Romain et al 14 cytogenetically identified a patient with an interstitial deletion of 22q13.1 -22q13.33 and a phenotype similar to the 22q13 deletion syndrome. The patient shows developmental delay, particularly in motor areas, delay of expressive speech and hypotonia with mild dysmorphic features. The size and the exact location of the deletion in this patient were not characterized at the molecular level, and thus the status of SHANK3 is unknown. In a second patient, a deletion of 22q13.1 -22q13.2 was identified by cytogenetics and confirmed by FISH analysis. 15 This patient has absence of expressive speech; however, she also has an abnormality of the cochlea and vestibule in both ears that results in bilateral profound hearing loss. She is hypotonic with mild dysmorphic features and developmental delay in motor areas. As the hearing loss in this patient may affect the absence of expressive speech, the analysis of additional cases of interstitial 22q13 deletions is necessary to understand the developmental role of SHANK3 and other genes in this region.
In this report, we identify two patients (A and B) with interstitial 22q13 deletions. Microsatellite, FISH and arraycomparative genomic hybridization (array-CGH) analyses were used to determine the size and location of these deletions. Although these interstitial deletions completely overlap with the larger terminal deletions, there is no overlap with many smaller deletions, and SHANK3 is not deleted in either case. Although the patients have a severe phenotype similar to the 22q13 terminal deletion syndrome, the etiology for the neurological features must be due to genes located more proximal to SHANK3. These genes would also be deleted in many patients with 22q13 terminal deletions, and therefore adding to their phenotype. However, the mild speech deficit of the mother of patient B, who has an interstitial deletion identical to her son, highlights the variable effect of the loss of the region proximal to SHANK3 and may explain the lack of correlation of phenotypic severity with the size of the 22q13 deletion. in Table 1 . At 11 months, patient A was referred for neurological evaluation of developmental delay. Severe psychomotor retardation was observed at this time. Examination also identified a slight indication of trigonocephalus. She was a floppy child with a relatively expressionless face. At 4 years and 2 months, she had severe mental retardation with cognitive development corresponding to the sensomotor phase. She was able to grasp, manipulate, throw and explore objects orally. She showed pleasure in sensomotor activities and body contact. She communicates by beating her hands and feet to continue an activity and by hand biting to show discomfort and aggressivity. Her muscle tone and trophism were normal, but she had ligamentous laxity, with an ROT that was normal-vivacious.
Materials and methods

Case history
Patient B (Figure 1c and Both patients A and B have an absence of several features frequently found in the 22q13 deletion syndrome including high pain tolerance, upper respiratory problems and abnormalities of toenails.
The mother of patient B (referred to as BX) was able to attend normal school, but had speech problems and was slow to walk. She had a long face and macrocephaly, but was otherwise normal. The maternal uncle and niece of BX had learning difficulties.
Cytogenetic studies
Peripheral blood lymphocytes were obtained from the probands and relatives for chromosomal analysis. Prometaphase spreads were prepared from synchronized lymphocytes and high-resolution analysis was performed. Metaphase preparations were banded by QFQ, RBA, CBG and Da-DAPI. SHANK3 dosage was also tested by MAPH (Multiplex Amplifiable Probe Hybridisation). MAPH probes were chosen throughout SHANK3, according to the gene structure previously determined, 6 using the exon numbering from Durand et al. 12 Probes covering 13/24 SHANK3 exons and two 22q11 control probes are given in Table 2 . MAPH was performed on 0.5 -1 mg genomic DNA using conditions previously described. 21 Peak heights were compared by eye for each patient, comparing to a concurrently run normal control and a 22q13 deletion control that was known to have deleted all of SHANK3.
Results
Cytogenetic analysis
Examination of prometaphase spreads of patient A with high-resolution QFQ banding revealed an interstitial deletion at 22q13.1 -q13.2 ( Figure 2 ). There was also a supernumerary microchromosome in 85% of the cells. The microchromosome was RBA-negative, C-and Da-DAPIpositive. FISH analysis using the probe D15Z1 showed hybridization signal on the MC, indicating that it originated most likely from chromosome 15, although we have found D15Z1 crosshybridizing polymorphisms on all the other acrocentric chromosomes. 22 Uniparental disomy of chromosome 15 was excluded by genotyping the family with four microsatellite loci (D15S822, D15S993, D15S1020 and D15S533). Patient A was heterozygous for all four loci and inherited both a paternal and maternal allele in each case (data not shown). Examination of the prometaphase spreads of the mother of patient A and of maternal grandmother showed the same supernumerary microchromosome in 79 and 78% of Initial analysis of the chromosomes of patient B and BX failed to identify a chromosomal abnormality. When re-examined for subtelomeric abnormalities, the 22q13 interstitial deletion was visibly detected. No abnormalities of the prometaphase spreads of the parents of patient BX were detected indicating that the deletion arose in BX.
Molecular analysis: definition of the deletion
Microsatellite and FISH analyses confirmed that these deletions are interstitial and determined the location of the deletions in comparison to the terminal 22q13 deletion syndrome patients described previously. 6 FISH using both cosmids and BACs that span the region of interest was used to characterize the proximal and distal breakpoints of the deletions in patients A, B and BX ( Figure 3) . Analysis of patient A revealed that microsatellites from D22S274 to D22S270 show inheritance of the paternal allele only, indicating that the deletion is a maternal interstitial deletion. More proximal microsatellites from D22S276 to D22S284 (just proximal to the map in Figure 3) were not deleted, defining its proximal end. Distal microsatellites, from D22S526 to D22S1141, are not deleted confirming that the deletion is interstitial. In patient A, cosmid cN22C6 was present in two copies, defining the telomeric end of the distal breakpoint in this patient. The proximal breakpoint in patient A is flanked by cosmid cN17H6, which is present in only a single copy, and cosmid cN79E12, which is present in two copies. In patients B and BX, BACs 323M22, 388M15, 397C4, 268H5 and 398C22 are all present in a single copy. BAC 29F11, which is the more telomeric BAC used, is present in two copies, verifying that the deletion is indeed interstitial and setting the maximal distal boundary. The proximal breakpoint was identified as being flanked by BAC 323M22, which is deleted, and BAC 85F18, which is not deleted. The deletions in B and BX appeared to be identical.
A customized whole genome CGH oligo-array that concentrates on deletion and duplication regions was used to further narrow down the deletion of patient A and B (Figure 4 ). The deletion of patient A is located between array clones A_14_P133639 (40.42 Mb) and A_14_P133035 (44.00 Mb) for a maximum deletion size of approximately 3.58 Mb. The array also did not indicate any other abnormalities, including no duplication in the 15q11.2 -q13 region or any other acrocentric proximal region, giving further evidence for a lack of euchromatin in the microchromosome of this patient. The overlapping deletion in patient B lies between array clones A_14_P135997 (41.22 Mb) and A_14_P136349 (45.37 Mb) and is up to 4.15 Mb in size. Figure 3 shows the location of the interstitial deletions in patients A and B compared to 52 terminal deletions. 6 Both of the interstitial deletions are entirely contained within the largest terminal deletion of 22q13 (patient 53) and perhaps others (patients 51, 52, 54 and 55). However, the interstitial deletions of these two patients do not overlap with the nine smallest deletions of the 22q13 deletion syndrome (patients 1, 3, 56, 4, 5, 6, 57, 10 and 8). Table 3 shows a summary of the clinical features of the three interstitial deletion patients (A, B and BX) compared to patients with overlapping and non-overlapping terminal 22q13 deletions. As deletion of SHANK3 is thought to be responsible for the neurological symptoms of 22q13 terminal deletions, the dosage of SHANK3 in the interstitial deletion patients was specifically tested. Using the minisatellite D22S163, a probe close to the telomere and within SHANK3 (Figure 3 , third most distal gene), patient A showed two alleles. The inheritance of two copies of D22S163 in patient A was verified by comparison with the parental alleles. Telomeric microsatellites distal to and including D22S1141 ( Figure 3) were also not deleted, confirming that A does not have a terminal deletion. FISH using the Abbot (Vysis) 22q subtelomeric probe D22S163 was performed on chromosomes from patient B and his mother BX. Both B and BX showed two copies of this subtelomeric probe, confirming that SHANK3 is not deleted. MAPH analysis of 13/24 SHANK3 exons further confirmed that this gene was 44) have not yet been mapped on the published genomic sequence available through NCBI. Using FISH and microsatellite probes to compare the location of this interstitial deletion to that found in our patients, we failed to detect the deletion in EB33 (data not shown). CGH analysis confirmed a more proximal deletion between array clones A_14_P126525 (35.75 Mb) and A_14_P116600 (37.90 Mb) for a maximal size of 2.15 Mb (Figure 4 ).
Discussion
SHANK3 has been implicated in the neurological features associated with the 22q13 deletion syndrome. SHANK3
(also known as PROSAP2) acts as a scaffold protein in the postsynaptic density of excitatory synapses, linking receptors and signaling proteins to the actin cytoskeleton through a number of protein interactions. 23 In most 22q13 deletions, there is relatively little correlation between the severity of cognitive defects and deletion size, as might be expected if the loss of SHANK3 accounts for most neurological features. However, two out of three patients with the smallest deletions 8, 10 and the patient with SHANK3 disrupted by a translocation 11 have milder cognitive deficits, although speech was severely affected in all. This implies that genes proximal to SHANK3 may make major contributions to the neurological symptoms. To explore this possibility, it is necessary to analyze patients with interstitial 22q13 deletions and two intact copies of SHANK3.
Analysis of patients A and B revealed 22q13 interstitial deletions with distal breakpoints at least 5 Mb proximal to SHANK3, making position effects on SHANK3 unlikely. To rule out a complex rearrangement that could also include SHANK3, the presence of two copies of this gene was confirmed by several methods. Although microsatellite, FISH, MAPH and oligo-array analyses did not test the dosage of all SHANK3 exons, and mutations were not ruled out, it is highly unlikely that these two independent interstitial deletions would also include a small mutation in the distant SHANK3 gene. The distal breakpoints in these patients are more centromeric than the entire deletion in nine patients who show the typical clinical features of the 22q13 deletion syndrome. 6 The proximal breakpoints of patients A and B are located in the same region as the breakpoint of the largest 22q13 terminal deletions. 6 Thus, both of these interstitial deletions are wholly contained within the largest terminal deletion of patient 53 and perhaps others.
The maximal region of deletion overlap between patients A and B is 2.78 Mb. There are approximately 41 identified or predicted genes in this region (Ensembl release 47). The function and expression pattern of many of these genes are hypothesized or unknown, and there is currently no obvious candidate gene to cause cognitive abnormalities in a dosage-sensitive manner.
The phenotypes of both patients A and B show many similarities to the terminal 22q13 deletion syndrome (Table 3) . Like all patients with terminal 22q13 deletion, patients A and B have mental retardation and severe delay or absence of expressive speech even though SHANK3 is not deleted. They both also show hypotonia. Abnormal neurological scans were noted in both A and B, although Figure 4 Characterization of the three deletions using CGH oligo-array. Reduced dosage for probes is shown to the left of the control two copy line, whereas increased dosage is shown to the right. The deleted region is boxed for each patient. Patients A and B show overlapping deletions of 22q13.3 whereas the EB33 deletion is considerably proximal in 22q13.1. Diagrams were produced by the Agilent Analytical (v3.3) software.
the findings do not correspond to those identified in any patient with the 22q13 deletion syndrome. Both of these patients have several abnormalities that involve midline structures including abnormalities in the septum pellucidum of both patients, trigonocephaly, multiple nasal and ocular abnormalities, and prominent glabella in patient A. Neither patient has any of the minor clinical features that are commonly associated with both overlapping and nonoverlapping terminal 22q13 deletions, such as high pain tolerance and recurrent ear infections, but this could also be explained by nonpenetrance for these features in patients A and B. Comparison of patients A and B with terminal deletions (Table 3) does not reveal an obvious mapping of phenotypes, with the possible exception of macrocephaly to the interstitial region. Overall, the phenotype of patient A and B falls within the typical phenotypic range of 22q13 terminal deletions, despite the fact that the smaller terminal deletions do not overlap with these interstitial deletions, implying that different genes in the more proximal region are responsible.
Two other patients have been reported with interstitial deletions of 22q13. The phenotype of one 14 closely matches with that of the terminal 22q13 deletion syndrome with developmental delay, delay of expressive speech, hypotonia, overgrowth, ptosis, full cheeks, as well as several other minor dysmorphisms observed with the 22q13 deletion syndrome. As this case was never characterized molecularly, it is possible that this patient has a terminal rather than interstitial deletion of 22q13. A large terminal deletion studied in Wilson et al 6 (patient no. 50, Figure 3 ) was originally described as an interstitial deletion (data not shown), emphasizing the difficulty of distinguishing the precise location of deletions in the pale 22q13 band. A second interstitial deletion patient originally studied by Fujita et al 15 (EB33) has been confirmed to have an interstitial 22q13 deletion by FISH analysis, using cosmids not localized on the published genomic sequence of chromosome 22. Our analysis indicates that the deletion in this patient is more centromeric than the interstitial deletions in patients A and B, and the 56 terminal 22q13 deletions studied in Wilson et al.
6
The very mild phenotype observed in patient BX, who has an identical deletion to her more severely affected son patient B, suggests that haploinsufficiency for genes in the interstitial region may be more prone to nonpenetrance and variable expressivity than genes in the SHANK3 region. This is interesting in light of the lack of correlation between the size of the deletion and the severity of the phenotype of patients with the terminal 22q13 deletion syndrome. As patients A, B and BX all have speech deficits of some degree, this suggests that there is a gene in the interstitial region that is important for speech development, and in terminal deletion cases, this gene may variably but significantly add to the effect of haploinsufficiency of SHANK3. The cognitive defects and hypotonia observed in patients A and B, but not in BX, suggests that there are also genes in this region, other than SHANK3, that are responsible for severe neurological symptoms when deleted. These more proximal genes may therefore make a strong contribution to cognitive defects when deleted in many cases of terminal 22q13 deletions, but the severity of that effect may be more variable depending on genetic background, than has been proposed for haploinsufficiency of SHANK3 alone.
The overlap of clinical features between our interstitial patients and the adjacent but non-overlapping small terminal 22q13 deletion cases emphasizes the general nonspecificity of the 22q13 deletion syndrome and the necessity to include molecular analysis in the diagnosis. Non-overlapping deletions of 22q13 can mimic the smaller 
